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Abstract

Trajectory calculations using horizontal winds from the United Kingdom M eteoro-
logical Office data assimilation system, and vertical velocities from a radiation calcula-
tion are used to simulate the three-dimensional motion of air through the stratospheric
polar vortex, for several northern hemisphere (NH) and southern hemisphere (SH) win-
ters since the launch of UARS. Throughout the winter, air from the upper stratosphere
moves poleward and descends into the middle stratosphere. In the SH lower to middle
stratosphere, strongest descent occurs near the edge of the polar vortex. The NH shows a
similar pattern in late winter, but in early winter strongest descent is near the center of the
vortex. Strong barriers to latitudinal mixing exist above =420 K throughout the winter.
Below this, the polar night jet is weak in early winter, so air that descends below that
level mixes between polar and middle latitudes. In late winter, parcels descend less, and
the polar night jet moves downward, so there is less latitudinal mixing. The degree of
mixing in the lower stratosphere thus depends strongly on the position and evolution of
the polar night jet,

The computed trajectories provide a three-dimensiona picture of air motion during
the final warming, Large fragments of vortex air are drawn out into increasingly narrow
tongues in low latitudes. In the lower stratosphere; strong PV gradients remain, and the
majority of air parcels remain confined, into December in the SH and April in the NH,

well after the vortex breaks up in the mid-stratosphere.




1. Introduction

Several recent studies address aspects of air motion through the stratospheric polar
vortex, and mixing between vortex and extra-vortex air. Bowman (1993a) showed that in
abarotropic model there is little transport out of the Antarctic polar vortex by planetary
scale waves prior to vortex breakdown. Chen and Holton (1994), and Bowman and Chen
(1994) address aspects of mixing by barotropically unstable waves that are characteristic
of the middle and upper stratosphere in winter, and show that, again, there is little trans-
port across the vortex edge due to these waves. Several recent studies (Bowman 1993b,
Chen et al. 1994, Chen 1994) use horizontal winds derived from data to explore isen-
tropic mixing across the vortex edge in the Southern Hemisphere (SH) lower strato-
sphere. These studies suggest there is atransition in the lower stratosphere in late winter
around the 400 K isentropic surface, above which the vortex is nearly completely isolated
from mid-latitudes, and below which more mixing occurs. Dahlberg and Bowman (1994)
show similar analyses for the Northern Hemisphere (NH) lower stratospheric vortex;
despite greater variability of the Arctic polar vortex, their results are similar to those for
the Antarctic vortex, showing little transport across the vortex boundary above =425 K
during winter, Waugh et al. (1994) and Plumb et al. (1994) use high resolution isentropic
simulations to explore specific events in the Arctic winter when air was gjected from the
polar vortex in the lower stratosphere, and when mid-latitude air intruded into the vortex.
Pierce and Fairlie (1993) examined chaotic mixing near the vortex edge using three-
dimensional (3-d) winds from a General Circulation Model simulation of the Arctic win-
ter, and conclude that mixing of air near the vortex edge could have a significant impact

on the distribution of trace constituents in the lower stratosphere.

Fisher et al. (1993) explore more general aspects of air motion, using winds from a
3-d model of the stratosphere and mesosphere to examine the motion of a large number of

air parcels throughout the Antarctic winter. They obtain a picture of poleward and
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downward motion of parcels throughout the winter, with little mixing of parcelsinitial-
ized on different isentropes. Parcels initialized in the mesosphere (=0. 1 hPa) descend as

far as= 100 hPa in the polar regions over a period of 5 months, beginning in early winter.

Both the degree of horizontal mixing and the amount and patterns of descent in the
winter lower stratosphere remain subjects of considerable debate, as discussed by Randel
(1993). From the limited data available, arguments have been made for both greater (e.g.,
Hartmann et al. 1989, Mclntyre 1989, Schoeberl et al. 1989, 1992) and lesser (e.g., Tuck
1989, Tuck-et al. 1992, Proffitt et al. 1989, 1992) degrees of isolation of the lower strato-
spheric vortex, and correspondingly smaller or larger descent rates. Various locations of
strongest descent in the lower stratosphere with respect to the edge of the polar vortex
have also been suggested (e.g., Schoeberl et al. 1992, Tuck et al. 1993, Russell et a
1993).

We use horizontal winds derived from observations using a data assimilation system,
and vertical velocities derived from a middle atmosphere radiation code, to examine the
3-d motion of air in the winter stratosphere, focusing on the polar regions and their inter-
action with mid-latitudes. The meteorological data are from the United Kingdom Meteo-
rological Office s data assimilation system (Swinbank and O’Neill 1994), available since
shortly after the launch of UARS. We compare results for NH and SH winters, and for
early and late winter, and examine the relationship of isolation of the lower stratospheric
vortex to the structure and evolution of the polar night jet. We also describe the 3-d
motion of air parcels during the final warming in both hemispheres. These simulations
give an overall view of the 3-d patterns of air motion for several periods of interest

observed by UARS.




2. Data and Analysis

The tragjectory calculations are done in isentropic coordinates using horizontal winds
and temperatures from the United Kingdom Meteorological Office (UKMO) data assimi-
lation system (Swinbank and O’ Neil] 1994) that are available through the Upper Atmo-
sphere Research Satellite (UARS) project. The meteorological data assimilated by the
UKMO for the stratosphere do not include UARS data at present, but are based on avail-
able conventional meteorological data. One advantage of data assimilation productsis

that they provide consistent global horizontal wind components.

Cross-isentropic flow is computed using arecent version of the middle atmosphere
radiation code MIDRAD, an earlier version of which is described by Shine (1987). This
code provides a reasonable balance between precision and the computational efficiency
required when computing trajectories for extended simulations. Temperatures in the radi-
ation code are from the UKMO data. The radiation code’'s climatological 0zone is used,
since UARS ozone observations do not provide complete coverage of the periods of these
simulations. A comparison of heating rates calculated using this climatology with those
calculated using MLS ozone for Aug 1992 (Feb 1993) in the SH (NH) shows differences
in zonal means at levels below =3 hPaof less than =(0.1 K/day poleward of ~30% latitude.
At these times the net heating rates are dominated principally by radiative cooling due to
C0,and so are most sensitive to temperature. The horizontal and vertica motions are
not constrained to be conservative, but a check of the fields indicates that they are nearly
so and are within the uncertainties implicit in the use of the trgjectories to represent mass

motion,

The trajectory code is described briefly by Manney et al. (1994a); it is adapted from
that used by Fisher et al. (1993), and uses a standard fourth-order Runge-Kutta scheme.
Winds and temperatures are interpolated linearly in time from the once daily values to the

trajectory time step (1/2 hour). Heating rates are recalculated every 3 hours using
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interpolated temperatures, and are interpolated linearly to the trgjectory time step between
calculations. As noted by Bowman ( 1993b) and Morris et al. ( 1994), it is expected that
errorsin trajectories will be dominated by errors in the wind field, rather than by numeri-
cal truncation error. The domain of the trgjectory model is from 375 K through 1900 K,
and from the pole in the hemisphere of interest to 28° latitude in the opposite hemisphere.
Parcels that move outside these boundaries cease to be advected; no new parcels are

introduced into the domain during a simulation.

The Rossby-Ertel potential vorticity (PV) is used to describe the polar vortex and to
compare with the positions of air parcels. PV is calculated from UKMO winds and tem-
peratures as described by Manney and Zurek (1993). To facilitate examination of a deep
vertical range, for some plots PV is scaled in "vorticity units’ (Dunkerton and Delisi
1986, Manney and Zurek 1993) by dividing by a standard atmosphere value of the static
stability; this gives a similar range of values for PV onisentropic surfaces throughout the

stratosphere.

Approximately 40,000 air parcels are initialized cm a latitude/longitude grid cover-
ing one hemisphere on 12 isentropic surfaces throughout the stratosphere: 420,465, 520,
585,655,740, 840,960, 1100, 1300, 1450, and 1700 K. The periods examined are
shown in Table 1. During early winter the polar vortex is developing and expanding, and
minor warming events are common in both hemispheres (Manney et al. 1994, paper in
preparation). Stronger warming events occur in late winter and spring, including the final
warming in spring. During all of the winter periods, air parcels originating in the middie
and upper stratosphere descend relatively rapidly, so the upper stratosphere becomes
deviod of parcels in the longer simulations. Therefore, in order to more closely examine
the SH final warming, additional tragjectory calculations were initialized in mid-spring.

It is convenient in describing the motion of parcels with respect to the polar vortex

to bin the parcels according to their PV at the start of the run. Thisis done using the

scaled PV mentioned above. Although over the entire depth of the stratosphere, the
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values of scaled PV outlining the vortex edge change slightly, on a given day, the same
value is a reasonabl e approximation to the vortex edge over the vertical range experi-
enced by parcels started on any one level in a simulation of one to two months. Diabatic
and other non-conservative processes of course alter the PV location of the vortex edge
significantly on this time scale, as will be discussed further below. To examine mixing
characteristics of the stratospheric flow, we have calculated both PV dispersion (Dahlberg
and Bowman 1994) and latitude dispersion (Schoeberl et al. 1992, Bowman 1993a,b) of
the air parcels. Latitude dispersion is calculated from ensembles of parcels binned by PV,
similar to Schoeberl et a. (1992), While binning by latitude is informative in the SH
cases described by Bowman (1993a,b), where the polar vortex is relatively symmetric, the
NH polar vortex is typically sufficiently distorted that binning by latitude serves to

obscure characteristics of the flow, so binning by PV is preferred.

3. General Features of Air Motion

Figure 1 shows O/latitude cross-sections of parcel positions after running the trajec-
tory code for 66 (55) days for early (late) winter. All parcels poleward of ~30° experi-
ence descent, Consistent with Fisher et al.’s (1993) model results for the SH winter, the
SH results in both early and late winter show rapid descent and poleward motion of
parcels that start in the upper stratosphere, with relatively little mixing of the parcels
started at different levels, The NH cases show similar descent and poleward motion, but
due to greater variability in the NH, there is much more mixing of the parcelsin the mid-
dle and upper stratosphere in early winter, and throughout the stratosphere in late winter.
The overall amount of diabatic descent in early winter appears similar for al 4 cases
shown here, with parcels in the NH descending dlightly farther than in the SH, and
parcels in the SH during 1992 descending dlightly farther than in 1993. In the late winter
SH, parcels descend considerably more in 1992 than in 1993. Throughout the 1993 SH
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winter, there was less planetary scale wave activity than in the 1992 SH winter; thisis
apparent in Fig. 1, especialy in the upper stratosphere, in that there is much less spread-
ing of the parcelsin mid-latitudes, and in late winter, less spreading of parcelsinto the

polar regions in 1993.

In the SH it is evident that at levels below =850 K, the strongest diabatic descent is
at ~50--60° |atitude, near the edge of the polar vortex. Above this, strongest descent is
near the pole. It will be seen that this is sometimes the case in the NH. Only one exam-
ple is shown of the NH late winter circulation; avery large degree of interannual variabil-
ity is expected in the late winter NH. The example shown here is a relatively active year
with strong stratospheric warmings during February and March (Manney et al. 1994b).
Manney et a. (1994c) show evidence from passive tracer measurements that there is con-
siderably less descent in Feb/Mar 1992, a much less active time period, than Feb/Mar

1993.

Figure 2 shows, for one early winter and one last winter period in each hemisphere,
plots similar to Figure 1, but as a function of pressure rather than . From the initial and
final altitudes of the parcels we obtain rough estimates of the average geometrical vertical
velocities during these time periods, summarized in Table 2, As was the case when
viewed in isentropic coordinates, the largest geometrical vertical velocities are usually
=50 to 60° latitude, near the edge of the polar vortex. Inthetop few levels shown here,
largest descent is seen near the pole. In both early and late winter, slightly larger vertical
velocities are estimated in the SH than in the NH. The estimates for the late winter time
period are consistent with estimates by Santee et al. (1994, paper in preparation) from
UARS passive tracer data, The values estimated for the Arctic are also similar to those
deduced by Schoeberl et al. (1992) for the 1989 Arctic mid-winter; values given by
Schoeberl et a. for the Antarctic late winter of 1987 are= 1/2-2/3 the values estimated
here. Overall, the estimated vertical velocities are somewhat less than the residual verti-

cal velocities estimated by Eluszkiewicz et al. (1994, this issue) using MLS ozone,
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temperature and water vapor data in a more detailed radiative transfer model.

Figure 3 shows plots like those in Fig. 1 for continuations of the runs started in
August in the SH, and for runs started near the beginning of November in the midst of the
SH final warming. By the beginning of December, near the end of the SH final warming,
parcels started at 1700 K in mid-August have descended as far as =650 K, The plots of
parcels started in November show that during the final warming, parcelsin the mid-
stratosphere are still descending in the polar regions (between =600 and 1300 K, pole-
ward of =60°S).

Figures 4 through 6 show in more detail the patterns of descent experienced by the
parcels. Figure 4 shows the potential temperature of parcels started at 465, 840, and 1100
K, 55 days after the beginning of the runs started in early winter, and Figure 5 shows the
corresponding plots for runs started in late winter. At 465 K, the parcels in the SH
descend furthest near or outside the edge of the polar vortex. The same pattern can be
detected in the NH, although the descent in the center of the vortex is stronger, and the
difference in descent rates between the center and the edge of the vortex is smaller. Over
the 55 days shown, the largest decreases in potential temperature in the NH are =10-15 K

greater than in the SH in the lower stratosphere.

At 840 K, there is strong descent in the center of the vortex, and along or outside the
vortex edge, usualy separated by a region of weaker descent. In the SH early winter,
strongest descent is in the center of the vortex, with another region of strong descent out-
side the edge of the vortex. In the SH late winter the strongest descent is inside the edge
of the vortex. In the NH, strongest descent is in the center of the vortex when wave activ-
ity isweaker (i.e., early winter 1992/93) and along the edge of the vortex when wave
activity is strong (i.e., early winter 1993/1994 and late winter 1993). During stratospheric
warmings (periods of strong wave activity), the strongest descent is observed to be
between the cyclone and anticyclone (Manney et al. 1994a,b), consistent with this pat-

tern. At 1100 K. strongest descent is in the center of the vortex, except in the NH during
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periods of particularly strong wave activity (i.e., Feb/Mar 1993).

Figure 6 shows the potential temperatures of parcels started at 465, 840 and 100 K
in August in the SH, near the end of the final warming, Over approximately 4 months
from August through November, the parcels that descend most from the 465 K level are
those along and outside the edge of the vortex. Those that descend most from 840 K and

1100 K levels are those in the center of the vortex,

Figure 7 summarizes some of these characteristics of descent, showing time series
of the average change in potential temperature of parcels as a function of initial PV
started at 840 and 465 K, The region of strongest PV gradients is generally between 1.()
and 1.4 x 10-4 s1in these units; it will be seen later that thisis an appropriate definition
of the vortex edge based on mixing characteristics. Table 3 summarizes the average
changes in potential temperature from these and similar plots (not shown) for other levels.
In the early winter lower stratosphere, there is diabatic descent of ~0.6 to 0.8 K/d in
potential temperature (d6/dt), with slightly stronger values in the NH than in the SH, and
with strongest descent in the center of the vortex in the NH and at the edge in the SH. In
late winter lower stratosphere, diabatic descent is=0.4 to 0,5 K/d in the NH and =0.3 to
0.4 K/d in the SH; in both hemispheres strongest descent is near the edge of the vortex.

In spring (Nov/Deg) in the SH, diabatic descent in the lower stratosphereis =0.2to 0.3
K/d, Strahan et al. (1994) diagnosed values of =0.5 to 0.7 K/d in mid-winter in the NH
from aircraft measurements in the 1992 winter, roughly consistent with these values.
Average descent rates at 840 K in the mid-stratosphere range from =2 to 4 K/d, and at
1300 K, in the upper stratosphere, from =8 to 10 K/d. In the upper stratosphere, strongest
descent is always at the center of the vortex; in the mid-stratosphere, strongest descent is
at the edge of the vortex in the late winter SH; in the NH late winter, there are regions of
strong descent at the center and the edge of the vortex. In the middle and lower strato-
sphere diabatic descent is stronger in the NH than in the SH, a consequence of higher NH

temperatures and stronger NH wave activity. However, because of the differencesin




-11-

temperature structure and evolution in the two hemispheres, this does not imply that geo-

metrical vertical velocities are larger in the NH (see Table 2).

4. Mixing properties and vortex containment

To examine the mixing of the air parcels, we show the latitude dispersion of parcels
in PV bins as described above. Figure § shows time series of dispersion for parcels
started at 465 and 840 K, for early winter, late winter, and SH spring periods, Only one
year is shown for each season and hemisphere; overall features are similar in the year that
is not shown. A minimum in the dispersion indicates the edge of the polar vortex, where
there is a barrier to mixing (e.g., Schoeberl et a. 1992, Bowman, 1993b). At the begin-
ning of each time series, as PV increases there is an abrupt decrease in dispersion at a
(scaled) PV of =1.0 x 10*S| at 465 K, and =1.4x 10"s- ‘at 840 K, showing the loca-
tion of the polar vortex. Increasesin the dispersion for PV values higher than this are
coincident with stratospheric warmings; Fishbein et a. (1993) and Manney et al. (1993)
show minor warmings in the SH in Aug/Sep 1992; Manney et al. (1994b) show warming
eventsin Feb/Mar 1993. In early winter in the NH there are strong minor warmings in
both Dec 1992 and Dec 1993 (Manney et al. 1994, paper in preparation), with a major
warming in late Dec 1993/early Jan 1994. In the NH, strong warmings result in a shift in
the edge of the vortex (as defined by the limited dispersion) to higher PV values, =~1.8 x
10-4 s1 at 840 K in early Mar 1993 and late Dec 1993 (not shown); at 465 K, asimilar
shift can be seen in Mar 1993. During stratospheric warmings, the region of strongest PV
gradients shifts to higher latitudes (i.e., the vortex shrinks in size) and to higher PV values
(i.e., the edge of the vortex is defined by a higher PV value), asistypical during strato-
spheric warmings (O’Neill and Pope 1990). A similar shift is seen in the SH at 465 K in

the runs started in November, showing the onset of the final warming at that level, At 840

K, in early November, the region of minimum dispersion disappears altogether,



-12-

suggesting that the vortex has essentially broken up at that level. The behavior at higher
levels (i.e, 1100 K, 1300 K) is qualitatively similar to that at 840 K, The behavior at 420
K, the lowest level at which parcels are initialized in these simulations, is very similar
gualitatively to that at 465 K. A similar picture of the extent and evolution of the vortex
is obtained by examining PV dispersion.

in general, the mixing inside the vortex remains small compared to outside. How-
ever, in late winter in the SH there is a slight increase in mixing at the highest PV values
in the lower stratosphere (465 K). In addition, during periods of strong wave activity,
such as the stratospheric sudden warmings discussed above, and the SH final warming,
the amount of mixing inside the vortex also increases. In general, there still remains a
minimim in mixing along the edge of the vortex (although that edge changesit’s PV posi-

tion) until the final warming.

Dahlberg and Bowman ( 1994) examined barriers to mixing on isentropic surfaces in
the NH lower stratosphere by enumerating the number of parcels crossing a PV contour.
Figure 9 shows time series for parcels started at 465 and 840 K of a similar diagnostic,
We show separately the number of parcels as afunction of PV that are at higher and
lower PV than their initial value, and the average change in PV of those parcels from their
original value. Thus, if the PV value in question represents the vortex edge, the number
of parcels at lower PV would represent those that had escaped from the vortex, and the
number at higher PV those entrained into the vortex, The region of strong PV gradients
is usually from =1.0to 1.8 x Gt , S0 parcels whose PV changes by less than =0.8 x

10-4s 1 in the vicinity of the vortex edge generally are still near the vortex edge region.

In early winter in the lower stratosphere, the parcels whose PV decreases are located
mainly along the outside edge of the region of strongest PV gradients, and the parcels
whose PV increases are located along the inside of the region of strongest PV gradients.
There are more parcels moving to higher PV than to lower PV. During this time, the size

of the vortex isincreasing (i.e., the area contained within a given PV contour); the
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pattern seen here suggests that diabatic effects cause the air parcels to move poleward
with respect to PV, although we cannot distinguish here between poleward motion of the
parcels and equatorward motion of the PV contour. In general, the PV of parcels moving
both inward and outward from the vicinity of the vortex edge changes by only a small
amount. Thisis evidence that there is little mixing between inside and outside the vortex.
Those changes that are seen are consistent overall with those expected from the radiative
and dynamical situation in early winter. Small changes in PV may also be caused by the

low resolution and inaccuracies in calculation of the PV fields.

A similar situation is seen in early winter in the mid-stratosphere, but both the
parcels increasing and decreasing in PV are mainly located toward the outside of the
region of strong PV gradients. This suggests more mid-latitude mixing, as expected dur-
ing the formation of the main vortex/surf zone (Mcintyre and Palmer 1984) in early win-
ter,

In late winter, the number of parcels increasing and decreasing in PV are more simi-
lar than in early winter. While in the SH, the positions of these parcels are similar to
those in early winter, in the NH the region where parcels are decreasing in PV is more
widespread, although it is still strongest near the region of strong PV gradients Asin
early winter, parcels in the SH do not change their PV by significant amounts. In the NH,
alarge number of parcels from inside the vortex decrease considerably in PV during
March and early April. Since there are strong stratospheric warmings during this time,
this suggests material being stripped off the vortex, in tongues that eventually become too
narrow to be resolved in the PV fields. In the SH spring, in the lower stratosphere, and in
late winter in the mid-stratosphere, parcels at the highest PV values are seen to decrease
in PV by large amounts. This reflects mainly the decrease in maximum PV values, and in

area enclosed by high PV contours, as radiative effects act to weaken the vortex.

While the behavior at 420 K, the lowest level at which parcels are initialized,

appears qualitatively similar to that at 465 K, the plots of numbers of parcels and average
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PV change become more difficult to interpret, because below 420 K, the PV scaling used
here becomes increasingly inappropriate, and as the parcels descend, agiven PV vaueis
no longer representative of the same position with respect to the polar vortex. Since the
behavior in the lower stratosphere is of particular interest, we examine more closely the
motion of parcels initialized at 420 K. Figure 10 shows the positions of parcels started at
420 K for each of the early and late winter periods studied, initially and after 55 days;
parcels are separated into those with initial PV higher and lower than a value representa-
tive of the edge of the vortex at 420 K, In early winter, parcels started at 420 K descend
asfar as=375 K (afew parcels may descend further, but have reached the boundary of
the model at this point). In both NH winters, and in the SH winter of 1992, a significant
number of parcels have moved away from the 420 K vortex region, and a significant num-
ber of parcels from outside this region have moved inside it In the SH 1993 early winter,
no parcels appear to move significantly outside the 420 K vortex region, and only one
tongue of afew parcels appears to intrude into it. In the late winter, parcels started at 420
K descend only to =400 Kin the same time period, In the NH, a large tongue of parcels
has been drawn out of the 420 K vortex region, but most of the parcels that have moved
inside the vortex region remain in the region of strong PV gradients. In the SH late win-
ter, onl y a few parcels have peeled off “the edge of the vortex, and all parcels that have

moved inwards remain in the region of strong PV gradients.

Figure 11 shows zonal mesh winds at a function of latitude and 6 from the mid-
troposphere through the lower stratosphere, at the beginning of Dec (Jun), Jan (Jul), Feb
(Aug), and Mar (Sep) in the NH (SH) during the 1992 and 1993 winters. In early winter,
the stratospheric polar night jet isweak at =400 K, and moves downward as the season
progresses. In the 1992 SH winter, and in both NH winters, the polar night jet is quite
weak near 400 K at the beginning of Jul (Jan); thus air parcels that descend below this
level will experience little barrier to transport into mid-latitudes, or to transport from mid-

dle to higher latitudes. The strongest barrier to mixing in these cases will be the sub-
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tropical jet. In the 1993 SH winter, the polar night jet strengthens and moves downward
in the lower stratosphere earlier, before 1 Jul, providing a significant barrier to transport
even in early winter. The polar night jet in the NH lower stratosphere in early winter
1993 is considerably weaker than in 1992, and, consistent with this, there is more mixing

between polar and mid-latitude air in 1993.

Figure 12 shows the 375 K PV fieldsin the middle of each of the time periods.
Consistent with the zonal mean picture shown above, in early winter, between 420 K and
375 K, PV gradients shift from strongest around the polar vortex to relatively weak gradi-
entsin the polar regions and strongest gradients in the subtropics, In late winter, strong

gradients are apparent both in the polar and sub-tropical regions.

It is apparent from the above discussion that the amount of descent in the lower
stratosphereis critical, especially in early winter, to determining whether air can move
from the polar regions into mid-latitudes. In late winter, parcels descend less, and not
many of the parcelsin this simulation move below =400 K. In addition, the polar night
jet moves downwards, so that even as far down as 375 K, strong PV gradients in the polar
regions present a barrier to mixing. In the NH late winter, these gradients are weaker
than in the SH, and some material is seen being stripped away into mid-latitudes; the NH
PV fields themselves are also more distorted, which may result in the appearance of more
air escaping from the vortex, as filaments of high PV drawn off the vortex become too

narrow to resolve.

Figure 13 shows the zonal mean winds in the SH at the beginning of October and
November in 1992 and 1993, Although the polar night jet is weakening, relatively strong
winds still extend below 375 K. Figure 14 shows the positions in late November of
parcels started at 420 K in mid-August. As expected from the winds, most parcels
remain separated by their original location with respect to the vortex. Figure 15 shows
the positions of parcelsinitialized in early November at 420 K, in mid-December.

Despite the lateness of the spring season, at this level near the bottom of the stratosphere,
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most of the parcels that were initially inside the polar vortex region remain confined
there, consistent with the strong PV gradients still apparent. Although a few parcels have
escaped to middle and low latitudes, these represent less than 10% of the parcelsinitially

in the vortex region.

5. The Final Warming

Figure 16 shows a series of 3-d perspectives of the positions of parcelsinitialized in

l scaled PV con-

mid-August in the SH in the two years studied, inside the 1.2 x 10”s-
tour. The dates shown are in November and December, when parcels started in the upper
stratosphere have descended to the mid-stratosphere, and the vortex is breaking up in the
mid-stratosphere. Figure 17 shows sequences of figures on the same dates, but with
parcelsinitialized in early November, so the behavior is shown to higher levels. The pro-
cess of the vortex break up in the mid-stratosphere is dramatically illustrated. In both
years the break up is characterized by large, relatively deep tongues of material being

stripped off the vortex, and drawn out into low latitudes. These tongues, or vortex frag-

ments, frequently maintain their identity for days to weeks.

During both years, the SH final warming was relatively late, and therefore, con-
trolled to alarge extent by radiative processes. As noted earlier, throughout the 1993 SH
winter there was less wave activity than in the 1992 winter. The sequences shown indi-
cate, consistent with this, that the final warming is less advanced cm the same date in
1993 than in 1992. In the NH, where wave activity is typically much stronger throughout
the winter, the final warming is usually much earlier and is dynamically induced (e.g.,
O'Neil] and Pope 1990); this was the case during 1993 (Manney et al. 1994 b), Figure 18
shows 3-d perspectives of parcel positionsin March and April 1992, similar to those
shown for the SH. At this time, the scaled PV isosurface that isshown (1,2 x 10-4 s1)is

no longer representative of the vortex edge (see Fig. 8). Although the process of the
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breakup is still characterized by large tongues of air being drawn off the vortex, in the
middle and upper stratosphere the process is faster and begins when the vortex is aready
eroded and distorted by earlier warmings; by the end of this simulation, the parcels ini-

tialized in the upper levels appear randomized.

In the previous section it was shown that at 420 K, the vortex remains fumdamen-
tally intact into December in the SH and into April in the NH, well after it has broken up
in the mid-stratosphere. Figure 19 summarizes the behavior of parcels started at levels
from 465 K through 655 K during the final warming, showing a projection on a horizon-
tal plane of the positions of those parcels started withinthe 1.2 x 10 4 ¢! scaled PV con-
tour in early November, color coded by their starting level. By mid-December in the SH,
many parcels started at 655 K and 585 K have been stripped away from the vortex, while
at the lower levels, 520 K and 465 K, the majority of parcels are still confined. The case
issimilar in April in the NH, but the parcels at 655 K and 585 K are more randomized
than their SH counterparts, and more of those in the lowest levels have been stripped

away from the vortex.
6. Discussion and Conclusions

Traectory calculations using horizontal winds from a data assimilation analysis, and
vertical velocities calculated by a middle atmosphere radiation scheme are used to diag-
nose characteristics of air motion for both early and late winter time periods in the north-
ern and southern hemispheres. As expected, the net air motion is polewards and down-

wards throughout the winter.

The strongest overall diabatic descent in the SH isin the center of the polar vortex at
levels above =900 K, and near the edge of the vortex below thislevel. In the lower strato-
sphere, below =600 K, the strongest descent is along the outside edge of the vortex. In

the NH, asimilar pattern of descent is seen in late winter, with strongest descent on the
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edge of the vortex extending higher in the stratosphere during times of particularly strong
wave activity, consistent with observations of strongest diabatic cooling between the
polar vortex and the anti-cyclone during stratospheric warmings. In contrast, in early
winter in the NH, strongest descent is usually near the center of the vortex. The patterns
of descent in the late winter lower stratosphere are consistent with those shown by Schoe-
berl et al. (1992), In the SH, parcels in the lower stratosphere cease to descend in mid-
October, although even in November, parcels in the mid-stratosphere polar regions still
experience some descent, However, the uncertainties in magnitude and even sign of the
computed heating rates are relatively large when the rates are small, so the exact time of
changes from descent to ascent is uncertain. Rough estimates of geometrical vertical
velocities and of diabatic descent computed here are generally consistent with estimates
given by Schoeberl et a, (1992) and Strahan et al. (1994) for earlier years and with recent
estimates using UARS passive tracer data (Santee et a. 1994, paper in preparation) and
radiative inputs (Eluszkiewicz et a. 1994, thisissue).

Diagnostics of mixing show a strong barrier to mixing at the edge of the polar vortex
in the lower stratosphere, even into December in the SH. In the middle stratosphere,
stratospheric warmings cause mixing to increase, and the vortex edge, asidentified by a
minimum in mixing, to move to higher PV values. This is consistent with previous stud-
ies showing the shrinking of the vortex and weakening of PV gradients during strato-
spheric warmings. As expected, considerably more mixing is seen in the NH than in the
SH. In the lower stratosphere, in early winter the polar night jet usually does not extend
significantly below =400 K, and parcels that descend below this level experience little
barrier to mixing into mid-latitudes. As the winter progresses, the polar night jet moves
downwards, and the parcels descend more slowly. Consistent with this, our simulations
show considerably less mixing of polar air into mid-latitudes in late winter than in early
winter in both hemispheres. In the presence of this polar night jet structure in the lower

stratosphere and the sub-tropical jet in the upper troposphere, the degree of mixing
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between polar and mid-latitude air in the lower stratosphere is strongly dependent on the
amount of descent. Unfortunately, our quantitative knowledge of these ratesis still lim-
ited.

Computed radiative heating rates are still sensitive to the sophistication of the radia-
tive transfer codes (e.g., the number of vertical levels used or the treatment of line shape
and overlap) and to the fields required as input, especially ozone and temperature. Thisis
particularly true outside the polar night, when the net rates are often the sum of two large,
opposing terms. As noted earlier, the net heating rates are likely to be most uncertain
when they are small. The descent rates computed here produce tracer motions that agree
fairly well with UARS observations of the long-lived tracers N20 and CH 4 Manney et
al. 19944, thisissue). This suggests therefore, that actual diabatic descent rates in the
lower stratosphere are closer to the lower values diagnosed by Hartmann et al. (1989) and

Schoeberl et al. (1992) than to those suggested, for example, by Proftfitt et a. (1 992).

A three-dimensional picture has been drawn of the final warming in the stratosphere.
The breakup of the polar vortex is characterized by large fragments of polar air being
stripped from the vortex and drawn out into increasingly narrow tongues in low latitudes.
In the SH, this processis relatively slow, and these fragments may maintain their identity
for weeks; in the NH, the final warming is dynamically induced, and is more rapid, with
parcels from the mid-stratospheric polar vortex being spread throughout the hemisphere
by early April in the year shown here. The large degree of interannual variability in the
NH late winter suggests that many variations on this behavior might be observed during
other years, For the period of UARS observations, the vortex in the lower stratosphere
remains intact, and many of the air parcels confined within it, into December in the SH,

and into April in the NH, well after the vortex has broken up in the mid-stratosphere.
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TABLE 1: PERIODS COVERED BY TRAJECTORY CALCULATIONS

SEASON

SOUTHERN
HEMISPHERE

NORTHERN
HEMISPHERE

EARLY WINTER

LATEWINTER -
SPRING

SPRING (Re-initialized)

1 June -6 August 1992
1 June -6 August 1993

17 August -16 Dec 1992
9 August -19 Dec 1993

ﬂfv -16 Dec 1992
Nov - 15 Dec 1993

1 Dec 1992 - 5 Feb 1993
1 Dec 1993-5 Feb 1994

12 Feb -8 April 1993
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Table 2. Estimates of geometrical vertical velocity from Fig. 2. Vertical velocities are
given to one significant figure, and estimates are included near the pole, and at the loca-
tion of maximum downward velocity. For Feb 1993, only the maximum velocity is esti-
mated, due to the large spread in parcel positions. Positive values indicate downward

motion.

end alt(s) (km vrt vel (cm/s)
start alt(s) (km) pole mi(nimzjm pole  maximum
NH Dec 92
47 32 32 0.3 0.3
39-44 29-31 29-31 0.2 0.2
37 285 27,5 0.1 0,2
34 28 26 0.1 0.1
29-31 24-26 22-24 0.09 0.1
25 23 20 0.04 0,09
22 21 18 0.02 0.07
19 18,5 16 0.009 0.05
17 16 13 0.02 0.07
SH Jun 92
43-47 33-34 33-34 0.2 0.2
37-39 31-32 26-28 0.1 0.2
35 31 27 0.07 0.1
33 30 25 0.05 0.1
28-30 26-28 20-22 0.03 0.1
25 23 18 0.04 0.1
21 20 16 0.02 0.09
18 18 13 0 0.09
NH Feb 93
47 32 0.3
37-43 29-31 0$2
32-35 26-28 0.1
25-29 21-25 0.08
22 18 0.07
17-20 14-17 0.06
SH Aug 92
43-46 31-32 30-31 0.3 0.3
38-41 30-31 29-30 0.2 0.2
3 6 30 28 0.1 0.2
32-34 27-29 25-27 0.1 0.1
26-30 22-26 19-23 0.08 0.1
23 20 16 0.6 0.1
20 19 13 0.03 0.1
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Table 3. Estimates of average diabatic descent for several isentropic surfaces. The maxi-
mum deﬂ:entss%en or parcelsaveraged in PV bins (see text) is given, along with the
)

scaled PV (10~ at ‘which that maximum occurred. “Center” indicates the maximum
occH'rce the highest PV values present. The vortex edge is typicaly from =1.0to 1.4 x
10 's inh the scaled units used here.

start (K) | season | NH/SH | position | d6/dt (K/d)
EW NH center 95
SH center 9.5
1300 K LW NH center 9.0
SH center 8.8
SPR SH 277 1t03
EW NH center 3.6
SH center 3.0
840 K LW NH center 3.6
SH PV=1.2 2.5
SPR SH center 2t03
EW NH center 0.8
SH PV=1.2 0.7
465 K LW NH PV=14 0.5
SH PV=1.0 0.4
SPR SH PV=1.2 03
EW NH center 0.6
SH PV=1.0 0.6
420 K LW NH PV=1.0 0.4
SH PV=0.9 04
SPR SH PV=1.2 0.2
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Figure Captions

Figure 1. Cross-sections in potential temperature (8) and latitude of the positions of
parcels, 66 days after the beginning of runs started in early winter (a through d) and
55 days after the beginning of runs started in late winter (e through g). Parcels are
color-coded by their initial level; initial levels are indicated by colored lines on the

figures.

Figure 2. Cross-sections in pressure and latitude of the positions of parcels, O and 66
days after the beginning of runs started in early winter (a through d) and O and 55
days after the beginning of runs started in late winter (e through h). Parcels are
color-coded by their initial level, those levels being the same asindicated in Fig. 1.

The vertical coordinate is pressure dtitude, computed as (7 km)-log({ 1000 hPa}/p).

Figure 3. Cross-sections in potential temperature (6) and latitude of the positions of
parcels, 110 days after the beginning of runs started in late winter in the SH (a and
b) and 33 days after the beginning of runs started in spring in the SH (c and d).
Parcels are color-coded by their initial level; initial levels are indicated by colored
lineson the figures,

Figure 4. Potential temperature (8, K) of parcels started in early winter on the 1100, 840,
and 465 K isentropes, 55 days after the beginning of the runs. The color bar for all

plotsfrom agiven level is at the beginning of that row.
Figure 5. Asin Fig, 4, but for late winter runs.
Figure 6. Asin Fig. 4, but 110 days after the beginning of the late winter runs.

Figure 7. Time series of the average change in potential temperature (K) of parcels
divided into bins by their initial scaled potential vorticity (PV), as a function of ini-
tial scaled PV (-PV in the SH). Bins are 0.2 x 16 élwide, centered around the

values at the tick marks. Time series for early and late winter runs are 55 days long;
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those for SH spring runs are 44 days long,

Figure 8. Time series of the latitude dispersion (degreesz) of parcels divided into bins by
their initial scaled potential vorticity (PV), as afunction of initial scaled PV (-PVin
the SH). Binsare 0.2 x 10-4 s1 wide, centered around the values at the tick marks.
Time series for early and late winter runs are 55 days long; those for SH spring runs

are 44 days long.

Figure 9. Time series of the number of parcels moving to higher/lower scaled PV values,
and of-the average scaled PV change (10'4 s':b of those parcels, as a function of
their initial scaled PV (-PV in the SH). Time series for early and late winter runs are
55 days long; those for SH spring runs are 44 days long. Blank areas in the interior
of plotsindicate that no parcels have passed that PV contour in the plotted direction.
Only the plots for parcels moving to lower PV are shown in the spring cases, since <
50 parcels move towards higher PV at that time across any contour.

Figure 10. Horizontal positions of parcels started at 420 K, for runs started in early and
late winter, O and 55 days after the beginning of the runs. Parcels are separated into
two groups, initially inside and outside a PV contour representative of the edge of
the vortex at 420 K (outside of shading on figure panels). Parcels are color coded by
their potential temperature (6, K). Several 420 K PV contours are superimposed on

each plot.

Figure 11. Zonal mean winds (m/s) as a function of latitude” and 6 at the beginning of
Dec (Jun), Jan (Jul), Feb (Aug) and Mar (Sep) in the NH (SH) for the 1992 and
1993 winters. Theta runs from 300 K (mid-troposphere, =500 hPa) to 655 K (lower
middle stratosphere, =20 hPa). Contour interval is 4 m/s, with 28-32 m/s shaded,

Figure 12. 375 K PV (10-4 K m*’kg1 s1) 27 days after the beginning of each of the
early and late winter runs. Contours run from 0.03 to 0.14 x 10-4 K m’kg1 s1,
with a contour interval of 0.01 x 10-4 K m? k'& s 1 and shading between 0.10 and

0.11 x10°K m? kg'l s-1; values are the negative of thisin the SH.
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Figure 13. Asin Fig. 11, but for the beginning of Oct and Nov in the Sh in1992 and
1993,

Figure 14. Asin Fig. 10, but 99 days after the beginning of the late winter runs,

Figure 15. Asin Fig. 10, but 44 days after the beginning of the runs started in Nov in the
SH.

Figure 16. Three-dimensional perspectives of the positions of air parcels that were ini-
tially within the 1.2 x 1’61 s'l scaled PV contour (-PV in the SH). Parcels are color
coded by their initial level, with voilet representing those that started at 420 K, and
dark red those that started at 1700 K. 40°,60°, and 80° latitude circles are shown,
and the bounding box runs from 375 K to 1700 K. The translucent white surface is
the 1.2 x 10-4s- “scaled PV isosurface (-PV in the SH) on the plotted day. Plots are
shown at 3 day intervals during the 1992 and 1993 SH final warmings, from runs

started in August.

Figure 17. Asin Fig. 16, but for runs started in early November in the SH.

Figure 18. Asin Fig. 16, but for the run started on 10 Feb 1993 in the NH, and shown at
10 day intervals,

Figure 19. Horizontal positions of parcels started within the 1.2x 10- 4s- * scaled PV
contour (-PV in the SH) on the 465 K (violet parcels), 520 K (blue parcels), 585 K
(green parcels) and 655 K (red parcels) isentropes. Parcels are shown from the runs

started in Nov 1992 and 1993 in the SH, and Feb 1993 in the NH.
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